Clustering and annihilation of atomic-scale bond defects dominate nucleation and evolution of submicron-scale extended interstitial defects in irradiated silicon. Molecular dynamics simulations reveal the role of the bond defect in the thermal evolution of extended defects and identify the atomistic evolution paths. Accurate density functional theory calculations establish formation energies, activation barriers, and electronic structures of the bond defect and its clusters, and extended interstitial defects.
The similar topological defect, the bond defect, is generated by irradiation for the diamond-phase Si. [3] [4] [5] [6] [7] Here, we use the classical molecular dynamics ͑MD͒ simulations with a modified embedded atom method potential 8 and density functional theory ͑DFT͒ calculations with the HeydScuseria-Ernzerhof ͑HSE͒ hybrid functional 9 to study the role of bond defect in the formation and evolution of three extended interstitial defects [10] [11] [12] observed during the thermal treatment of the irradiated Si. Despite decade-long experimental observations, 11, [13] [14] [15] understanding atomistic mechanism of their formation and thermal evolution has been elusive. We show that bond defect is the key structural element of extended defects, and the thermally triggered cascade of atomic-scale annihilation of bond defects drives the submicron-scale complex structural evolution of extended defects. Figure 1 shows the atomic structure of the bond defect in Si, a topological point defect characterized by a rotated pair of lattice atoms around their bond center and the associated altered local bonding structure. [3] [4] [5] [6] [7] This defect introduces five-and seven-member rings in the six-member ring bonding structure characteristic of diamond-phase lattice from the ͗011͘ perspective-the perpendicular direction to the plane of paper in all the atomic structure figures of this work. The rotation of two atoms of the deformed bond in the ͕011͖ plane back to crystalline positions annihilates the defect. Table I lists results of large-scale DFT calculations with the HSE functional showing that the formation energy of an isolated single bond defect is 2.95 eV, which is comparable to the energies of typical point defects in Si. 6 Furthermore, as more bond defects are stacked along ͗011͘, i.e., in/out of paper in Fig. 1 , the structure become more stable, and a long chain has a lower formation energy per defect by about 1 eV. The calculated energy gap of the isolated single bond defect between the highest occupied molecular orbital ͑HOMO͒ and the lowest unoccupied molecular orbital ͑LUMO͒ is 1.14 eV, which is only 0.01 eV smaller than the calculated gap of bulk Si. Even the extended chain keeps the gap of 1.10 eV, supporting that maintaining the fourfold coordination with no excess or deficit of atoms induces only mild disturbance of the electronic structure. Compared to the experimental gap of 1.16 eV for bulk Si, 16 the calculated HSE gap, 1.15 eV, shows significant improvement over the Perdew-BurkeErnzerhof ͑PBE͒ ͑Ref. 17͒ gap of 0.58 eV. This difference in their gap estimation between HSE and PBE is persistent across all the defects listed in Table I .
The height of the transition-energy barrier from a bond defect to the bulk structure is directly related to the thermal stability of the defect. The calculated barrier for an isolated single bond defect is 0.69 eV. Similar to the formation energy, the barrier is affected by the proximity of other bond defects. Figure 2 schematically displays transition barriers of ͗011͘ chains of bond defects. The annihilation barrier of the chain is 1.50 eV, which is 0.81 eV higher than the barrier of the isolated single bond defect. On the other hand, the barriers from the bulk to the defected structures are 3.64 and 3.44 eV for a bond defect and a defect chain, respectively, implying that the spontaneous thermal generation of those defects from the undamaged lattice is unlikely. Moreover, the annihilation barrier of 1.28 eV for one of the chains of the compound defect consisting of two adjacent bond defect chains indicates that the structures with multiple chains are also stable. As described in a classical MD study, 18 rows of bond defect chains in the ͕311͖ plane can be considered as the scaffold for ͕311͖ defects. The structure ͑b͒ in Fig. 2 shows such a structure with two bond defect chains. Adding an additional defect to either ͓233͔ or ͓233͔ side of a single a͒ Electronic mail: hkpark@mps.ohio-state.edu. defect in the figure gives rise to an eight-member ring connecting two defects in the middle, i.e., from ͑a͒ to ͑b͒ in Fig.  2 . Repeating this procedure generates more eight-member rings on ͕311͖ habit planes. The ͗011͘ chains of this structure with di-interstitials held in some of eight-member rings become ͕311͖ defects. Figure 3 shows the three extended interstitial defects that form during annealing of ion-implanted Si: the ͕311͖ and the ͕111͖ defect, and the Frank loop. As described in the previous paragraph, the contiguous arrangement of ͗011͘ bond defect chains on ͕311͖ planes generates eight-member rings that have spatial room to accommodate interstitial chains. When filled with an interstitial chain, the eight-member ring and two nearby six-member rings turn into the "I unit," one of the basic units used by Kohyama and Takeda 19 to explain structures of ͕311͖ defects. In their notation, the I unit is an interstitial chain surrounded by two seven-and two sixmember rings, O denotes the eight-member ring, and E for seven-member rings at the defect boundaries. Using the notation the ͕311͖ defect of Fig. 3͑a͒ can be represented as EIIOIIE. Depending on the number of I and O units, and the sequence of their arrangement between E units, defects have different formation energies. 20 Figure 3͑b͒ displays a previously proposed structural model for the ͕111͖ defect, 21 and Fig. 3͑c͒ is the structure of the Frank loop whose interstitial chains are all connected and form a piece of faulted interstitial plane. Both ͕111͖ defects and Frank loops have the same habit planes for their interstitial chains, ͕111͖. As in the ͕311͖ defect, eight-member rings of the ͕111͖ defect structure can hold additional interstitial chains. If all the eight-member rings of the ͕111͖ defect are filled with interstitial chains, the structure becomes a Frank loop. Hence, we believe that the ͕111͖ defect is the intermediate structure during the transformation of ͕311͖ defects with "unfilled" eight-member rings to Frank loops. This view is consistent with an experimental 11 observation and results of our MD simulations. 20 Unlike ͕311͖ defects, Frank loops have much reduced local-electronic-gaps of about 0.3 eV. Again, PBE greatly underestimates gaps, predicting all Frank loops to be metallic.
Formation energies of three extended defects of our HSE calculations 20 closely agree with previous results. 20, 12, 21 The calculated formation energy hierarchy among three types of extended defects indicates that the formation of the ͕311͖ defect is initially favored during the annealing of an irradiated sample. Subsequently, ͕311͖ defects can evolve into Frank loops. Figure 4 demonstrates a thermally activated transition path from a ͕311͖ defect to a Frank loop analyzed on one of ͑011͒ bilayer planes comprising these defects.
Our extensive classical MD simulations identify that the same rotation of a pair of neighboring atoms that annihilates the bond defect converts a "seven+ five"-member ring of ͕311͖ defects into six-member rings, and drives the transformation to the Frank loop. In Fig. 4͑a͒ , the rotation of the first pair moves the "seven+ five"-member ring to the adjacent position, and changes the local bonding structure for the second pair in Fig. 4͑b͒ to be same as the bond defect. The rotation of the second pair in Fig. 4͑b͒ converts two "seven + five"-member rings into four six-member ring. This twostep process continues until all "seven+ five"-member rings but end-units are converted into six-member rings. In other words, the annihilation process of bond defects that serves as the scaffold of ͕311͖ defects is the key mechanism of the transformation. The cascade of annihilation process is thermally triggered with reaction barriers of about 1.5-2.4 eV depending on the evolution stages and local structures. 20 The transformation can progress coherently across many ͑011͒ bilayer planes but at high temperatures, the coherency is greatly disrupted and multiple Frank loops can evolve from a long ͕311͖ defect.
In conclusion, the bond defect has the comparable formation energy to the energies of typical point defects in irradiated Si, and is stable enough to participate in formation of extended defects during the thermal treatment. Clustering of bond defects generates anomalous local bonding patterns. The bond defect is the key structural element of ͕311͖ defects. During annealing, the annihilation of bond defects in ͕311͖ defects is thermally triggered and drive the transformation into Frank loops. Additionally, the critical role of the bond defect in the thermal evolution of ͕311͖ defects implies its possible participation in the formation of the small precursor clusters that grow into ͕311͖ defects. Studying small interstitial clusters with bond defects may deepen our understanding of structures and energetics of those precursors that are experimentally observed. 22 HSE hybrid functional and the projector augmented wave method 23, 24 with the plane-wave cutoff of 300 eV is used as implemented in the Vienna ab initio simulation package ͑VASP͒. 25, 26 The isolated bond defects are modeled in 980 atom supercells with 7 ϫ a 0 / ͱ 2 along ͓011͔, 5ϫ a 0 along ͓100͔, and 7 ϫ a 0 / ͱ 2 along ͓011͔, where a 0 = 5.435 Å. The lattice constant is chosen to be optimal for the HSE functional. 27 On the other hand, the bond defect chains and extended interstitial defects are modeled to periodically repeat in ͓011͔ direction with two atomic layers. The resulting bilayer has 15ϫ a 0 / ͱ 2 along ͓011͔, 7ϫ a 0 along ͓100͔, and a 0 / ͱ 2 along ͓011͔. The supercells contain 420 bulk atoms and interstitials, and 1 ϫ 1 ϫ 16 k-point mesh is used. The climbing-image nudged elastic band ͑Ref. 28͒ with the perpendicular force convergence criterion of Ͻ1 meV/ Å computes transition barriers for the bond defect. The MD simulations with more than 16 000 atoms run more than 20 ns with 1 fs time-step at the temperature range from 1100 to 1400 K. 
